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Abstract—In traditional cognitive radio networks, secondary
users (SUs) typically access the spectrum of primary users (PUs)
by a two-stage “listen-before-talk” (LBT) protocol, i.e., SUs
sense the spectrum holes in the first stage before transmit in
the second stage. In this paper, we propose a novel “listen-
and-talk” (LAT) protocol with the help of the full-duplex (FD)
technique that allows SUs to simultaneously sense and access
the vacant spectrum. Analysis of sensing performance and SU’s
throughput are given for the proposed LAT protocol. And we
find that due to self-interference caused by FD, increasing trans-
mitting power of SUs does not always benefit to SU’s throughput,
which implies the existence of a power-throughput tradeoff.
Besides, though the LAT protocol suffers from self-interference,
it allows longer transmission time, while the performance of the
traditional LBT protocol is limited by channel spatial correction
and relatively shorter transmission period. To this end, we also
present an adaptive scheme to improve SUs’ throughput by
switching between the LAT and LBT protocols. Numerical results
are provided to verify the proposed methods and the theoretical
results.
I. INTRODUCTION
With the fast development of wireless communication,
spectrum resource has become increasingly scarce. Cognitive
radio, as a promising solution to spectrum shortage, has caused
wide attention for more than a decade [1] [2]. In cognitive
radio networks (CRNs), unlicensed or secondary users (SUs)
are allowed to opportunistically utilize the vacant slots in the
spectrum allocated to primary users (PUs). SUs therefore need
to search for spectrum holes reliably and efficiently to protect
the PU networks as well as maximize their own throughput
[3].
Traditionally, the so-called “listen-before-talk” (LBT)
strategy in which SUs sense the target channel before transmis-
sion has been extensively studied [4]. Optimization of sensing
and transmission duration has been discussed in [5] and [6].
This LBT strategy requires little infrastructure support and it
proves to be effective. However, it still has several problems
such as sacrifice of transmitting time and discontinuity of
transmission even if the white space of spectrum is continuous.
The major reason is that most current deployed radios for
wireless communications are half duplex such that to dissipate
the precious resources by either employing time-division or
frequency-division.
A full-duplex system, where a node can send and receive
at the same time and frequency resources, offers the potential
to double the spectral efficiency. However, due to the close
proximity of a given modems transmit antennas to its receive
antennas, strong self-interference introduced by its own trans-
mission makes decoding process nearly impossible, which is
the reason why realization of FD techniques has not be deemed
possible until recently. The last several years witness the
advent of interference reduction techniques [7] that provide the
possibility of introducing FD to wireless communications. A
number of works have been done to measure the performance
of FD techniques which show that under certain circumstances,
using FD can achieve better spectral efficiency than traditional
half-duplex systems [8].
Motivated by the FD technique, in this paper, we propose a
“listen-and-talk” (LAT) protocol – simultaneously sensing the
spectrum and transmitting data for CRNs. At each moment,
one of the antennas at each SU senses the target spectrum
band, and judges if the PU is busy or idle; the other antenna
transmits data simultaneously or keeps silent on the basis of
the sensing results. Energy detection under imperfect self-
interference suppression (SIS) is used as the spectrum sensing
strategy. We closely look into two cases when the SU is
transmitting or remaining silent. Also, adaptive thresholds of
detection are given.
To compare the LAT protocol with the conventional LBT
protocol, we derive the probability of false alarm and miss
detection, and the system throughput for these two protocols.
We also analyze the power-throughput tradeoff for the LAT
protocol. While overcoming discontinuity of transmission in
conventional LBT protocol, the proposed LAT protocol still
suffers the throughput loss by severe self-interference when
transmit power increases. To this end, we propose an adaptive
switching scheme between conventional and LAT approaches
in pursuit of maximum throughput with the constraint of detec-
tion probability. Simulation results are provided to verify the
proposed methods in terms of the signal-to-noise ratio (SNR),
average SU transmit power, SIS factor in the LAT protocol,
spatial correlation coefficient and sensing duration in the
conventional LBT protocol.
The rest of the paper is organized as follows. Section
II describes the system models of the conventional LBT
and the proposed LAT protocols. In Section III, we derive
the analytical performance of the LAT protocol. In Section
IV, we propose a switching scheme between the LBT and
LAT protocols. Simulation results are presented to verify our
analysis and visually show the throughput gain of the adaptive
scheme, in comparison with both LBT and LAT protocols in
Section V. We conclude the paper in Section VI.
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Fig. 1. System model: LBT and LAT protocols
II. SYSTEM MODEL
In this paper, we consider a CRN consisting of one PU
and one SU pair, where SU1 transmits data to SU2. Each SU
is equipped with two antennas Ant1 and Ant2. The spectrum
band occupancy by the PU can be modeled as an alternat-
ing ON/OFF random process. The sensing and transmission
process is time-slotted.
For simplicity and without loss of generality, energy detec-
tion is adopted as the sensing scheme, and the test statistics
can be given as
M =
1
Ns
Ns∑
n=1
|y (n)|2, (1)
where Ns denotes the number of samples, and y(n) is the
received signal of the nth sample. Let fs represent the sam-
pling frequency in sensing process, and for sensing duration
t, we have Ns ∝ fst.
We refer to the situation when PU is inactive as hypothesis
H0, and the situation when PU is active is hypothesis H1. The
probability of false alarm and miss detection can be written
as
Pf (ǫ) = Pr (M > ǫ|H0) (2)
and
Pm (ǫ) = Pr (M < ǫ|H1) , (3)
respectively, where ǫ denotes the detection threshold.
A. Traditional Listen-before-Talk Protocol
In this protocol, each slot T is divided into two subslots
as shown in Fig. 1(a): sensing subslot with duration τ , and
data transmission subslot with duration T − τ . Note that for
comparison fairness with the FD based scheme, a 2×2 MIMO
is used for both spectrum sensing and data transmission.
And the signal received at SU1 in the sensing stage can be
represented by
y =
{
hssp + u, H1,
u, H0,
(4)
where y, hs, and u are 2 × 1 vectors representing the
received signals, channels from PU to SU1, and noise terms,
respectively, and sP is the PU signal which is assumed to be
PSK modulated with variance σ2P . The noise is independent
and identically distributed (i.i.d.) random Gaussian with zero
mean and variance σ2u. With the separable correlation model
[7], hs can be expressed as hs = Φ1/2s hs0 where hs0 ∼
CN (0, σ2h), and Φs stands for the normalized correlation
matrix at SU1.
The data are transmitted in a spatial multiplexing way, and
at SU2, we can have
r2 = H12st + u2, (5)
where H12 = Φ1/2r Ht0Φ1/2t is a 2 × 2 channel matrix from
SU1 to SU2, Ht0 is i.i.d. complex-valued Gaussian with zero
mean and variance σ2
h˜
, and st is the transmit signal vector
with variance σ2s .
For simplicity, the exponential correlation model [9] is used
for both sensing and transmission, and the correlation matrix
can be represented by
Φ =
(
1 β
β∗ 1
)
, |β| ∈ [0, 1), (6)
where the correlation coefficient β is the spatial correlation
factor.
B. Listen-and-Talk Protocol
As shown in Fig. 1(b), SU1 performs sensing and trans-
mission simultaneously using the FD technique: one of the
two antennas at SU1, say Ant1, senses the spectrum while
the other (Ant2) transmits when a spectrum hole is detected.
The challenge in this mode is that the transmit signal at Ant2
of SU1 is received by Ant1, which causes self-interference at
Ant1. Thus, for sensing, the received signal is largely decided
by the state of the other antenna: if Ant2 of SU1 is not
transmitting, there is no difference to the conventional sensing
method in (4), while if SU1 is transmitting, self-interference
will be introduced to the system. Given the differences above,
we consider the circumstances when SU1 is transmitting or
not separately.
1) Sensing without transmission: In this case, the SU
performs sensing by one antenna only, and we have
y =
{
hssP + u, H01,
u, H00,
(7)
where H01 and H00 represent the hypothesises when SU1 is
silent, and the PU is busy or idle, respectively, and hs is the
Rayleigh channel from PU to Ant1 of SU1, u ∼ CN
(
0, σ2u
)
denotes the noise.
2) Sensing and transmission: With self-interference, the
received signal can be written as
y =
{
hssP + hist + u, H11,
hist + u, H10,
(8)
where H11 and H10 are the hypothesises under which SU1
is transmitting and the PU is either busy or idle, respectively.
st in (8) denotes the transmit signal at Ant2 of SU1 and hi
represents the self-interference channel from Ant2 to Ant1.
According to [8], hist can be modeled as a Rayleigh distribu-
tion with zero mean and variance χ2σ2s , where χ represents
the SIS factor.
In the LAT protocol, only one link is used to data transmis-
sion and the received signal at Ant2 of SU2 is
r2 = h12st + u, (9)
TABLE I
PROPERTIES OF PDFS OF LAT
Hypothesis PU SU E [MLAT ] var [MLAT ]
H00 idle silent σ2u
σ4u
fsT
H01 busy silent (1 + γs) σ2u
(1+γs)
2σ4u
fsT
H10 idle active (1 + γi)σ2u
(1+γi)
2σ4u
fsT
H11 busy active (1 + γs + γi)σ2u
(1+γs+γi)
2σ4u
fsT
where h12 ∼ CN (0, σ2h˜) is the transmit channel from SU1 to
SU2, and u ∼ CN (0, σ2u) represents the AWGN noise.
III. LISTEN-AND-TALK PROTOCOL ANALYSIS
In this section, we mainly study the analytical performance
of the LAT protocol, derive throughput under the constraint
of a given miss detection probability, and study the power-
throughput tradeoff.
A. Probability of Miss Detection and False Alarm
Note that the test statistics MLAT is not only determined
by PU activity, but also by the SU transmitter’s behavior. We
consider four conditions when PU is active or not, and SU1
is transmitting or not, separately.
According to (1), for each condition, the test statistics can
be written as
MLAT =
1
Ns,LAT
Ns,LAT∑
n=1
|y (n)|2, (10)
where Ns,LAT = fsT is the samples number in the LAT
protocol and y takes different forms in different conditions.
Note that y in each sample is i.i.d. and we assume Ns,LAT
is large enough. According to central limit theorem (CLT),
the PDF of MLAT can be approximated by a Gaussian
distribution.
The statistical properties and the description under each
condition are given in Table. I, where γs = σ
2
hσ
2
P
σ2u
in Table. I
denotes the SNR in sensing, and γi = χ
2σ2s
σ2u
is the interference-
to-noise ratio (INR). Detailed derivation of the distribution
properties are provided in Appendix A.
Let ǫ0 be the detection threshold when SU1 is silent
(H00, H01). Recalling the received signal in (7), and using
(2), the probability of false alarm (P 0f,LAT ) can be written as
P 0f,LAT (ǫ0) = Q
((
ǫ0
σ2u
− 1
)√
fsT
)
, (11)
where Q(·) is the complementary distribution function of the
standard Gaussian distribution. Furthermore, the probability of
miss detection can be obtained from (3) as
P 0m,LAT (ǫ0) = 1−Q
((
ǫ0
(1 + γs)σ2u
− 1
)√
fsT
)
. (12)
For a given probability of miss detection P 0m, the sensing
threshold ǫ0 is given by
ǫ0 =
(
Q−1
(
1− P 0m
)
√
fsT
+ 1
)
(1 + γs)σ
2
u. (13)
silent
(S01)
active
(S11)
busy
silent
(S00)
active
(S10)
idle
PU activity
SU1 activity
Fig. 2. SU state transition graph of the LAT protocol
Substitute (13) to (11), we have the analytical false alarm
probability written as
P 0f,LAT
(
P 0m
)
= Q
(
Q−1 (1− P 0m) (1 + γs) + γs√fsT) .
Similarly, when SU1 is transmitting (H10, H11), and
the detection threshold is ǫ1, the miss detection probability
(P 1m,LAT ) and the false alarm probability (P 1f,LAT ) are
P 1m,LAT (ǫ1) = 1−Q
((
ǫ1
(1 + γs + γi)σ2u
− 1
)√
fsT
)
,
(14)
and
P 1f,LAT (ǫ1) = Q
((
ǫ1
(1 + γi)σ2u
− 1
)√
fsT
)
, (15)
respectively. And for a fixed probability of miss detection P 1m,
the false alarm probability can be derived as
P 1f,LAT
(
P 1m
)
= Q
(
Q−1 (1− P 1m)
(
1 +
γs
1 + γi
)
+
γs
1 + γi
√
fsT
)
.
The changes among the four states are modeled as two
discrete-time Markov chains (DTMC) illustrated in Fig. 2,
in which we assume that the PU’s activity changes slowly
compared to the duration of each time slot T , and a single slot
when the PU changes its state can be neglected. Given that the
probability for the system staying in each state pij (i, j = 0, 1)
can be calculated considering the steady-state distribution of
the Markov chains:

p01 · P 0m,LAT = p11 ·
(
1− P 1m,LAT
)
,
p00 ·
(
1− P 0f,LAT
)
= p10 · P 1f,LAT ,
p01 + p11 = 1,
p00 + p10 = 1.
(16)
Then, the miss detection probability of the system is
Pm,LAT = p11 =
P 0m,LAT
1 + P 0m,LAT − P 1m,LAT
, (17)
and the probability of the overall false alarm is
Pf,LAT = p00 =
P 1f,LAT
1− P 0f,LAT + P 1f,LAT
. (18)
Within the limit of overall miss detection probability
Pm,LAT = Pm, we obtain the constraints of P 0m,LAT and
P 1m,LAT from (17). For simplicity, we set P 0m,LAT = P 1m,LAT ,
and thus, P 0m,LAT = P 1m,LAT = Pm. From (12) and (14), the
test thresholds can be obtained according to SU1’s activity as
follow:
• When SU1 is silent, using (12), we have
ǫ0 (Pm) =
(Q−1 (1− Pm)√
fsT
+ 1
)
(1 + γs)σ
2
u. (19)
• When SU1 is active, using (14), the threshold ǫ1 is
ǫ1 (Pm) =
(Q−1 (1− Pm)√
fsT
+ 1
)
(1 + γs + γi)σ
2
u.
(20)
In shows in (19) and (20) that when SU1 transmits, the
detection threshold increases due to residual self-interference.
Consequently, the probability of false alarm P 0f,LAT and
P 1f,LAT are different:
P 0f,LAT (Pm) = Q
(
Q−1 (1− Pm) (1 + γs) + γs
√
fsT
)
,
P 1f,LAT (Pm)
= Q
(
Q−1 (1− Pm)
(
1 +
γs
1 + γi
)
+
γs
1 + γi
√
fsT
)
.
(21)
Substituting (21) to (18), we can obtain the false alarm
probability of the whole system.
B. SU’s Throughput
During transmission, with transmit power σ2s , channel gain
ht ∼ CN
(
0, σ2
h˜
)
, and noise variance σ2u, the sum-rate can be
written as
RLAT = log2
(
1 +
σ2sσ
2
h˜
σ2u
)
= log2 (1 + γt) , (22)
where γt represents the SNR in transmission. And the through-
put can be expressed as
CLAT = RLAT · (1− Pf,LAT ) . (23)
It is shown in the expression of RLAT and Pf,LAT that the
throughput increases with SNR in sensing γs, and decreases
with SIS factor χ.
C. Power-Throughput Tradeoff Analysis
In the LAT protocol, σ2s is positively proportional to γt,
and thereby positively related to the sum rate. On the other
hand, the power has strong influence on sensing performance,
since it is also proportional to self-interference. Theoretically,
with fixed SIS factor χ, the sensing result deteriorates with
the transmit power. With regards to the throughput, when
transmit power is small, self-interference becomes negligible.
The sensing results are reliable, and yet the throughput is
limited. When the power is large, however, transmit power is
no longer the limitation for the achievable sum rate (RLAT ),
but self-interference may cause an unbearable high probability
of false alarm. This may lead to severe waste of spectrum
holes, which is also likely to decrease the throughput. Hence,
there exists an optimal transmit power to achieve the best
throughput. Note that due to space limitation, the mathematical
proof will be given in our future work.
TABLE II
PROPERTIES OF PDFS OF THE TEST STATISTICS BY LBT
Mean (E [MLBT ]) Variance (var [MLBT ])
H0 σ
2
u
σ4u
fsτ
H1 (γs + 1)σ2u
[(βsγs)2+(γs+1)2]σ4u
2fsτ
IV. SWITCHING BETWEEN LAT AND LBT
There exist limitations for both LBT and LAT protocols.
In the LBT, the data transmission time is reduced because of
spectrum sensing, and the overall throughput is also affected
by spatial correlation. In the LAT, residual self-interference
is the main problem that decreases the performance. In this
section, we first briefly derive the sensing performance and
throughput in the LBT protocol, and then propose an adaptive
switching scheme to maximize SU’s throughput by selecting
the right protocol between the LAT and LBT protocols for
CRNs.
A. Performance Analysis of LBT
The test static MLBT can be generally written as
MLBT =
1
Ns,LBT
Ns,LBT∑
n=1
|y1 (n)|2 + |y2 (n)|2
2
, (24)
where Ns,LBT = fsτ is the number of samples in each sensing
subslot, and y is specified in (4). Again, the distribution
of MLBT can be approximated by a Gaussian distribution
according to CLT, given that each sample |y1|
2+|y2|
2
2 is i.i.d.
and Ns,LBT is sufficiently large.
The properties of the PDFs under both hypothesises are
presented in Table. II, in which βs denotes the spatial cor-
relation coefficient in sensing. Detailed derivation of the
distribution properties are provided in Appendix A.
The probabilities of false alarm and miss detection can be
written, respectively, as
Pf,LBT (ǫ; τ) = Q
((
ǫ
σ2u
− 1
)√
fsτ
)
,
Pm,LBT (ǫ; τ) = 1−Q
(
ǫ− (γs + 1) σ2u
ξσ2u
√
fsτ
)
,
(25)
where ξ := (βsγs)
2+(γs+1)
2
2 . And for a given probability of
miss detection Pm, the analytical false alarm probability can
be derived from (25) as
Pf,LBT (Pm; τ ) = Q
(
Q−1 (1− Pm) ξ + γs
√
fsτ
)
. (26)
In transmission, with the constraint of average total power
σ2s , the transmit power at each antenna is
Peach =
σ2s
2
· T
T − τ , (27)
and the average sum rate is given by
RLBT = E
[
log2 det
(
I+
Peach
σ2u
H12H
H
12
)]
. (28)
At high SNR, RLBT in (28) can be reduced as
Rcon ≈ E
[
log2 det
(
Tσ2s
2 (T − τ )σ2u
H12H
H
12
)]
= 2log2
(
T
2 (T − τ)
)
+ 2 log2 γt
+ log2
(
1− β2t
)
+ log2
(
1− β2r
)
,
(29)
where βt and βr represent the spatial correlation at SU
transmitter (SU1) and receiver (SU2), respectively.
The throughput can be expressed as
CLBT = RLBT · (1− Pf,LBT ) , (30)
which indicates that the throughput increases with transmit
power σ2s and SNR in sensing γs, and it decreases with the
spatial correlation coefficients βs, βr, and βt.
B. Switching Algorithm
Combining the throughput of conventional LBT and the
proposed LAT protocols in (30) and (23), respectively, the
theoretical optimal switching criterion can be derived. Let ∆C
be the difference of throughput between the two modes, we
have
∆C = CLBT − CLAT , (31)
and thus, the switching criterion is decided by the value of
∆C:
operation mode =
{
Listen-before-talk, ∆C ≥ 0,
Listen-and-talk, ∆C < 0.
(32)
With ∆C = 0, the optimal switching point can be easily cal-
culated. Note that from (32), it implies that the switching point
is related to the following statistical factors: SNR (γs, γt)
and transmit power (σ2s ) during sensing and data transmission,
spatial correlation coefficients (βs, βr, βt) and the proportion
of sensing time in a whole time slot ( τT ) in the LBT protocol,
and SIS factor (χ) in the LAT protocol.
V. SIMULATION RESULTS
In this section, simulation results are presented to evaluate
the performance of the proposed LAT protocol. Table. III lists
some important parameters in the simulation. For simplifica-
tion, we set the spatial correlation coefficients βs = βr =
βt = β.
In Fig. 3, we consider the optimal switching point based on
the spatial correlation coefficient, in which the probability of
miss detection Pm is fixed by 0.3, the sensing SNR is −10dB,
and the relative transmit power is 13dB. We investigate the
cases when the SIS factor χ is 0.2 and 0.4, and when the
sensing duration in the LBT protocol changes between 14 and
1
10 . Fig. 3 includes both analytical results (the real lines and
dotted lines) and numerical results (various types of dots),
which match perfectly. It can be shown that in the conventional
LBT protocol, the achievable throughput decreases with the
increment of spatial correlation, and to a certain point, the LAT
protocol outperforms the conventional LBT protocol. Also,
when residual self-interference increases, e.g., from 0.2 to 0.4,
the performance of the LAT protocol becomes worse, and the
switching point moves to a higher β.
TABLE III
SIMULATION PARAMETERS
Parameters Value
The duration of each time slot (T ) 0.2 ms
The duration of sensing time in LBT (τ ) 0.25T , 0.1T
The sampling frequency (fs) 1 MHz
The number of samples in LAT (Ns,LAT ) 200
The relative noise variance (σ2u) 1
The relative transmit power over noise (Pt) 13dB
SNR in sensing process (γs) −10dB
SIS factor in LAT (χ) 0.4, 0.2
The spatial correlation coefficient (β) 0.7, 0.8 0.9
Probability of miss detection (Pm) 0.3
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Fig. 3. SU’s achievable throughput versus spatial correlation coefficient β
In Fig. 4, we use the receiver operating characteristic
curve (ROC) curves to present the sensing performance under
different situations. With SIS factor χ = 0.2, 0.4 in the LAT
protocol, spatial correlation coefficient β fixed on 0.7, and
the sensing time takes up 14 ,
1
10 in each time slot in the
conventional protocol, we have the relationship between the
false alarm probability and miss detection probability. From
Fig. 4, it is shown that the sensing performance becomes
worse, i.e., Pf increases and Pm decreases with the increment
of residual self-interference and the decrement of sensing time.
Fig. 5 evaluates the achievable throughput of SUs when
transmit power changes within a certain range. We can observe
that the power-throughput tradeoff in the LAT protocol, i.e.,
there exists an optimal transmit power in the low power
range to achieve maximum throughput, and the optimal power
decreases with the increment of SIS factor χ. When the
transmit power is low, due to longer transmit time and small
residual self-interference, the LAT protocol can achieve better
throughput. When transmit power becomes high, the LAT
protocol suffers from severe self-interference while the con-
ventional mode profits from the multiplexing gain, and thus,
the conventional LBT protocol gradually becomes a better
option.
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VI. CONCLUSIONS
In this paper, we present a LAT protocol that allows SUs to
simultaneously sense and access the spectrum holes. Besides,
a switching scheme between the LAT and LBT protocols
is provided to improve the throughput of SUs. Moreover, a
tradeoff in LAT protocol between transmit power and the
throughput is investigated by both analytical and numerical
results. We find out that, the increment of transmit power does
not always yield the improvement of SU’s throughput, and a
mediate value is required to achieve the best performance.
APPENDIX A
PROOF OF TABLE. I AND TABLE. II
We first provide the general properties of the test statistics.
Given that each y(n) in (1) is i.i.d., the mean and the variance
of M can be calculated as
E [M ] = E
[
|y|2
]
; var [M ] =
1
Ns
var
[
|y|2
]
.
Further, if the received signal y is complex-valued Gaussian
with mean zero and variance σ2y , we have
E [M ] = σ2y,
and
var [M ] =
1
Ns
(
E
[
|y|4
]
− σ4y
)
=
σ4y
Ns
. (33)
Then we consider the concrete form of the received
signal under each hypothesis. In the LAT protocol, given
the PU signal, residual self-interference, and i.i.d. noise,
the received signal y is complex-valued Gaussian with
zero mean. The variance of y under the four hypothesises
are σ2u (H00), (1 + γs)σ2u (H01), (1 + γi)σ2u (H10), and
(1 + γs + γi)σ
2
u (H11), respectively. By substituting them
into (33), we can obtain the results in Table. I.
Distribution properties in the LBT protocol can be obtained
by similar methods, and under hypothesis H0, we have σ2y =
σ2u. Under hypothesis H1, recalling (4), we have
E
[
|y1|2 + |y2|2
2
]
=
1
2
E
[
yHy
]
=
1
2
E
[
hHs0(Φ
1/2
s )
HΦ1/2s hs0 + 2σ
2
u
]
= (γs + 1)σ
2
u,
and the variance
var [M ] =
1
4Ns
(
E
[
yHy
]2 − 4 (1 + γs)2 σ4u) , in which
E
[
yHy
]2
=
1
4Ns
(
E
[∣∣∣hsHhs∣∣∣2 + ∣∣uHu∣∣2 + 4hsHhsuHu
])
=
1
4Ns
((
2
(
3 + β2s
)
σ4h + 6σ
4
u + 16σ
2
hσ
2
u
))
,
and thus, var [M ] = 1
2Ns
([
(βsγs)
2 + (γs + 1)
2
]
σ4u
)
.
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